Many linguists and other speech researchers need access to the real time articulatory state of the velopharyngeal port to investigate the timing and extent of nasal gestures alongside the acoustic consequences of those gestures. While numerous methods exist (e.g. airflow, velotrace [10], nasometer, etc.), they tend to be invasive or to collect nasal data at the expense of the acoustic speech signal. We present an inexpensive method and procedure to investigate nasal gestures using low frequency ultrasound. We provide plans for a 3d printed coupler or a vinyl tube connection that allows researchers to play a 20 kHz tracer tone into a nostril which can then be collected at the mouth using microphones typically used in speech research. Sample nasal traces of nasal consonants and nasalized vowels are provided along with calibration and analysis procedures.
INTRODUCTION
It is frequently necessary to understand the articulatory state of the velopharyngeal port, the muscular connection between the mouth and the nasal cavity. This mechanism is an important part of natural speech, controlling nasal airflow and speech nasality [5] . Measurements of this velopharyngeal mechanism are necessary to provide insight into both the timing and the ultimate extent of nasal gestures.
Methods of investigating articulatory gestures of the velopharyngeal mechanism can be direct or indirect [2] . The most invasive direct methods such as nasoendoscopy, in which a fiberoptic camera is inserted through a nostril; or velotrace, in which a series of rods connected to a lever are inserted through a nostril to rest on the soft palate; are rarely used in speech production research. A number of noninvasive direct imaging solutions exist but are also seldom used. Radioflouroscopy has fallen out of favor due to legitimate concerns regarding exposure to ionizing X-ray radiation. Ultrasound imaging of the velopharyngeal mechanism is possible, by placing an ultrasound probe on the soft tissue behind the ear or on the upper portion of the neck posterior to the mandible. However, the distance from the probe to the area of interest and the restricted viewing angle available make this use of ultrasound unappealing for speech research.
The method of indirect investigation of velum movement most naturally available to speech researchers is acoustic analysis [13, 14] . Important features include spectral tilt; formant frequency, bandwidth, and amplitude; the presence of antiresonances (in nasal stops); and A1-P0 [4] . These features are typically used in conjunction with other direct or indirect methods of assessment.
The state of the art indirect method of investigating velum movement is a pressure sensor attached to a divided mask or pair of tubes which permits the collection of nasal and oral airflow data. Airflow itself is of direct, diagnostic use in, for example, speech pathology. In linguistics, though, airflow measurements serve merely as a proxy for the actual measurement of interest: acoustic coupling between the nasal and oral cavities (the coupling required for speech to sound 'nasal'). Unfortunately, the masks typically used for the collection of airflow data collection severely muffle the speech signal and, with most designs, even interfere with speech articulation [8] (although c.f. Derrick et al. [6] for a promising alternative).
As can be seen in Figure 1 , the relationship between airflow and acoustic coupling of the resonating cavities is not simple. Here we see a natural production of the word bend paired with airflow measurements. While nearly the entire word is perceived by listeners as 'nasal' due to acoustic coupling throughout, the airflow signal is actually negative during the nasalized vowel and rises only during the nasal consonant. In tokens such as this one, acoustic coupling has occurred, and is perceptually available during the vowel [1] but this is difficult to determine from the airflow -particularly when processing large amounts of variable data across multiple speakers and prosodic environments. We present a device and method which uses low frequency ultrasound to directly measure acoustic coupling between the nasal and oral cavities. The intention is to provide an inexpensive, non-invasive, and effective tool which neither alters speech production behavior nor degrades the speech signal. Recording of the acoustic coupling data is done using the same high quality microphones typically used in acoustic analysis. The system uses a nasal olive (a small foam plug) to inject a 20 kHz tone from consumer grade earbud headphones into one nostril. 20 kHz has been chosen, first, because it is just beyond the range of most human hearing. Second, 20 kHz is within the sensitivity range of highquality microphones sampling at, e.g., 44.1 kHz. In principal, higher tone frequencies could be used.
When the velum is closed (so there is no acoustic coupling between the nasal and oral cavities), this high frequency tracer tone is attenuated by the nasal cavity. However, when the velum opens in a nasal gesture, the tracer signal is detectable at the lips by the same microphone being used for voice recordings. The tracer signal can then easily be isolated from the voice recordings for analysis using software such as Praat [3] or Matlab [11] .
TRACER TONE: INTRODUCTION, RECORDING, AND ANALYSIS
This section describes the construction and testing of nasal tone generation, introduction, recording, and analysis procedures and hardware. All recordings were made using an Electro-Voice RE20 microphone in a WhisperRoom sound-attenuated booth. The open source WaveSurfer [12] and Friture audio programs were used for recording and testing to allow real time spectrogram visualization. This real time visualization is extremely important as it allows researchers to ensure that amplitude of the inaudible 20kHz tone is neither too high nor too low.
Introduction of 20kHz tracer tone
The 20kHz tracer tone was generated using an offthe-shelf high-resolution certified earbud headphone with hybrid dual drivers [7] . In order to comply with the high resolution audio industry standard and receive certification, a product must be capable of generating at least 40kHz. Any earbud with this industry certification will suffice for generation of the tracer tone. The second requirement to look for in a tone generation source is the physical interface between the driver and the ear. Suitable headphones will use replaceable silicone or foam tips; headphones where the speaker hangs directly in the intertragic notch of the pinna can not be coupled to the nasal olive using the methods described in this paper.
The silicone tip was removed from the earbud leaving a small cylindrical protrusion approximately 6mm long with a tubular lip that was also roughly 6mm in diameter. The earbud needed to be physically attached to the foam nasal olive to inject the tracer tone into the nostril. Two methods were tested to physically couple the earbud emitting the 20 kHz tracer tone through the nasal olive.
3D printed coupler
Initially, a solid mechanical coupling tube was designed using freely available design software, and 3D printed on a Makergear M2 3D printer. The dimensions were adjusted to give a snap-fit to the earbud protrusion, and the inner structure was tapered to minimize acoustic loss. For testing, the coupling tube was press-fitted to the built-in plastic tube extending from the nasal olive, but there was found to be less acoustic loss if the built-in tube was removed and the foam of the nasal olive pulled directly over the coupling mechanism. As long as the body of the earbud itself is relatively soundinsulated, this method of physical coupling is ideal. It allows minimal signal loss from the generated tone to the wearer's nostril -increasing the amplitude of the 20 kHz tone available for subsequent analysis. In the process of testing signal reception, it was found that headphone signal was emanating from the plastic housing surrounding this particular earbud. The physical proximity of the earbud to the microphone caused a tracer signal to be present regardless of the status of the velopharyngeal port. To correct this, a second coupling method was developed in which a flexible 30 cm long plastic tube was used to connect the earbud to the nasal olive. This placed the earbud far enough from the recording microphone to eliminate tracer signal interference. The flexible tubing used in this project was a piece of aquarium airline tubing with an interior diameter roughly 2mm smaller than the earbud tip protrusion. The end of the tube was softened slightly with a soldering iron (although a heat gun would also suffice for this purpose) after which the tubing fit easily and snugly onto the earbud. The resulting device, show in Figure 3 was then clipped to the participants' shirt in the manner of a lavalier or lapel microphone. 
Signal Analysis & Calibration
A single microphone was used to record the subjects' speech and the tracer tone conducted through the nasal passage, velopharyngeal port, and mouth. The speech signal was digitized at a 48kHz sampling rate, and analyzed for tracer tone signal alternation. This sampling rate, typical in speech production research, has a Nyquist frequency of 24kHz which is well above the cut-off necessary to record the 20kHz tracer tone. However, care must be taken to consult the frequency response characteristics of the microphone selected for research. Many commerciallyavailable microphones will not reliably record frequencies at 20kHz or higher and those that do will typically have some degree of roll-off in these frequencies which may decrease the tracer tone signal available for analysis.
The tracer tone is recorded alongside the speech signal and saved in the same audio file. An example spectrogram is shown on the bottom of A threshold for identifying velopharyngeal port status was determined experimentally using the peak value of the signal during a nasalized vowel pronounced in context. As described below, further work will be required to determine how subjectspecific and context-specific this threshold may need to be in order to consistently evaluation velopharyngeal port status.
PRELIMINARY RESULTS
An initial experiment with two subjects was implemented to evaluate system feasibility using the earbud and flexible tube coupling to the nasal olive, as described in the previous section. To gather comparative data within an identical prosodic context, the subjects read a wordlist consisting of 27 CVC, CVNC, and NVN target words. An example of the resulting data can be seen in Figure 4 The differential presence of the tracer signal between the oral and nasal word conditions can be observed directly in the spectrogram. The resulting tracer signal amplitude envelope, shown above, confirms that the tracer signal level is significantly stronger during the nasalized portion of the vowel and nasal consonant than during any other portions of the recording. One potential problem is that, due to oral closure, the tracer signal may be attenuated during nasal consonants. Note that the tracer signal is also visible when subjects are breathing due to the velopharyngeal port being open when at rest [9] .
DISCUSSION
Perhaps the most surprising discovery during the development of the nasal tracer system was how often normal parts of the speech signal have high frequency components extending to, and above, 20kHz. For some speakers, release bursts, aspiration, and fricatives (particularly the sibilant fricatives), had high frequency components of sufficient amplitude to be confusable with nasalization as detected by the nasal tracer approach. This discovery leads to two potential problems with the current approach. First, the proposed lowpass filtering to separate the speech signal from the nasal tracer signal is likely to result in loss of high frequency speech signal information for some speakers. It must be determined on a study-by-study basis whether this high frequency information is crucial to the research question under consideration. One possible solution to this problem is to raise the frequency of the tracer signal itself. This may be necessary, regardless of the research question, if the study includes children or teens or other talkers who may hear 20kHz. Raising the frequency signal only increases the need for a high quality microphone with a well-understood frequency response, and other possible consequences of this change have not yet been evaluated. Second, the presence of whisps of normal speech signal up in the 20kHz range suggests that the nasal tracer approach will not be suitable for the investigation of nasalized fricatives in a language like Scottish Gaelic [15] or nasal coarticulation of fricatives in other languages. Finally, it remains to be seen whether the nasal tracer system can be used to determine the extent of a nasal gesture in addition to the timing. Data like the RMS envelope in Figure 4 tantalizingly suggest that this is indeed the case, but much work remains to be done on this question.
CONCLUSION
A need still exists for an easy, inexpensive, noninvasive and reliable method of assessing velopharyngeal articulation during speech. Our method is unique in responding to this need by directly measuring acoustic coupling, the measure typically of interest in linguistics, rather than airflow or pressure. It remains to be seen whether the system presented here is reliable across participants and across research contexts (e.g. sociolinguistic fieldwork, paired with eye tracking for simultaneous collection of production and perception data, paired with fMRI using pneumatic headphones, or when paired with ultrasound imaging of the tongue or electromagnetic articulography). However, we believe the results presented here are promising. The nasal tracer system is affordable, relatively easy to construct and use, and non-invasive. Future work will include direct comparison with a state of the art airflow system and a large-scale, systematic test of the system to determine the reliability of the system across a varied population of talkers.
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